Abstract: Digestibility, performance, and initial methane production were evaluated in growing and finishing pigs. Assay 1 was carried out in experimental facilities. Sixty pigs, 30 barrows and 30 gilts (26.07 ± 0.07 kg), were allotted randomly to treatments arranged in a 3 × 2 factorial design with three diets (control, Bacillus subtilis, and lincomycin) and two genders. In assay 2, 48 pigs (26.06 ± 3.10 kg) were maintained in commercial farm and supplemented with B. subtilis and lincomycin. Performance and initial methane production were measured. In assay 3, 12 barrows (body weight = 26.55 ± 1.25 kg) were housed in metabolism crates and fed control and B. subtilis diet to evaluate nutrient balance and energy. Gilts within experimental facility, fed control diet, had higher ADG (P < 0.05) compared with lincomycin diet, but there was no statistical difference with B. subtilis diet. Numeric variations on the first and second assays suggested some improvement on pig performance and a reduction on initial methane production when pigs were fed B. subtilis diet, compared with lincomycin diet. Protein digestibility increased (P < 0.05) with B. subtilis supplementation in the diet. Dietary supplementation with B. subtilis for growing and finishing pigs may improve performance and decrease N excretion and initial methane production.
Introduction
The therapeutic benefits of antibiotics via microbial inhibition are well known (Stokstad et al. 1949; Tollefson et al. 1997) , and the beneficial effects of antibiotics on feed efficiency and growth rate have been demonstrated for all major livestock species (Hays 1991) . However, the presence of antimicrobial products in swine diets might cause inhibition or failure of anaerobic digestion processes. Varel and Hashimoto (1981) reported that for both mesophilic and thermophilic conditions, manure slurry from cattle fed monensin, an antibiotic commonly used in cattle production, totally inhibited methane production. Fischer et al. (1981) reported that when the antibiotic lincomycin was added to the swine diet for the control of swine dysentery, a pilot-scale mesophilic digester failed twice and could not be revived.
Because of a ban on the use of antibiotics, probiotics have been suggested as the most desirable alternative for pigs due to their beneficial effects (Davis et al. 2008) . Enhancing normal gut flora and targeting intestinal pathogens through nonantibiotic approaches might improve food safety and reduce antibiotic residues (Forshell and Wierup 2006; Ojha and Kostrzynska 2007) . In this regard, several commercially available feed additives and ingredients have proven useful in improving health and productive performance of pigs (Burkey et al. 2004; Stein and Kil 2006; Castillo et al. 2008) . Probiotics are live microorganisms that modulate gut microflora through a competitive exclusion process and encourage the growth of favorable bacteria (Patterson and Burkholder 2003; Mountzouris et al. 2007 ). According to Sharp et al. (1989) , Bacillus subtilis is safe and has application in the feed industry. In addition to improve intestinal microflora (Hosoi et al. 1999) , beneficial effects such as recovery from diarrhea (Maruta et al. 1996) , enhanced BW gain, and improved feed efficiency (Jiraphocakul et al. 1990 ) in the hosts have been observed.
The improvements in pig performance resulting from the use of in-feed antibiotics and prebiotics are generally greater on commercial pig enterprises than on experimental research facilities (Cromwell 2002) . According to Holt et al. (2011) , the magnitude of the response to antibiotics depends on the microbial load experienced by the pigs and the variety of pathogenic organisms present. Black and Pluske (2011) reported that pigs exposed to conventional housing systems with high microbial loads grow 20% slower than gnotobiotic pigs or pigs in "clean" environments. Other factors, such as group size, environmental temperature, pig management, and feeding and housing equipment, also affect the experimental outcome (Walker and Wiseman 1993; Fangman et al. 1996) . However, few studies have compared the dietary supplementation of B. subtilis and its action for pigs in experimental (low sanitary challenge) and commercial (high sanitary challenge) farms. Thus, this study aimed to evaluate the performance, apparent total tract digestibility (ATTD), and initial methane production in growing and finishing pigs, maintained in experimental and commercial farm conditions, and supplemented with antibiotic and B. subtilis.
Materials and Methods
All research methods and procedures were approved by the ethics and animal experimentation committee at the University of Sao Paulo (project 2770/2012) and followed all the requirements in relation to animal welfare.
The probiotic used in this study had 1 × 10 10 CFU g −1
(colony-forming units per gram) of B. subtilis C-3102 (Calsporin; Calpis Co. Ltd., Tokyo, Japan). The species B. subtilis is often used to produce fermented soy foods such as natto or in other food fermentation processes and as producer strains for many food and feed enzymes. B. subtilis C-3102 is used widely around the world as an animal feed additive and was approved in the European Union as a zootechnical feed additive (gut flora stabilizer) in broilers, weaned piglets, and turkeys in , respectively (Kritas et al. 2015 .
The assay 1 was carried out in experimental facilities, distant 40 km from the commercial farm of which system was complete cycle of pig production. This experimental condition was considered under low sanitary challenge, due to long-time empty after some sanitization operations. Sixty crossbred barrows and gilts (Large White × Landrace), with initial BW of 26.07 ± 0.07 kg, were used during 82 d of experimental period. The pigs were allotted randomly to treatments arranged in a 3 × 2 factorial design with three diets (control, B. subtilis, and lincomycin) and two genders (30 barrows and 30 gilts), with 10 replications per treatment and one pig per pen. The pigs were subjected to a three-period feeding program (Table 1) consisting of growing-I (63-90 d of age: initial BW = barrows, 26.2 kg; gilts, 25.9 kg), growing-II (91-118 d of age: initial BW = barrows, 52 kg; gilts, 49.8 kg), and finishing (119-145 d of age: initial BW = barrows, 67.3 kg; gilts, 62.2 kg). Treatments were additive-free diet (control); control diet + 30 mg probiotic per kilogram of feed; 3 × 10 5 CFU per gram of final feed (B. subtilis C-3102); and control diet + 50 mg antibiotic (lincomycin) per kilogram of feed. Pigs were weighed at the beginning of evaluation and then weekly until change from growing to finishing phase. Average daily gain (ADG), average daily feed intake (ADFI), and gain:feed (G:F) ratio were calculated.
The assay 2 was carried out in commercial farm (high sanitary challenge) to compare with those pigs that were kept in experimental farm and supplemented with B. subtilis and antibiotic (control diet was not used in commercial farms due to constant sanitary challenges, which was defined as chronic status for subclinical infections). Forty-eight crossbred barrows and gilts (Large White × Landrace) averaging 26.06 ± 3.10 kg live weight were allotted randomly to two dietary treatments in 4 pens, with 12 pigs per pen. The experimental unit used to evaluate ADG was the pig, totaling 24 replicates per treatment. At the end of experimental period (70 d), the pigs were weighed, and feces from 12 animals, each treatment, were collected for methane determination, according to Rodrigues et al. (2012) . In brief, fecal samples were collected, and approximately 10 g was weighed and immediately stored in penicillin type glass bottles. The samples were incubated at ambient temperature for 24, 48, 96, and 168 h. After each incubation time, the samples were inactivated for 15 min at 120°C by autoclaving. The gas volume produced within the bottles was carried out using a transducer (Universal Datalogger® logger model AG5000) connected to a digital reader and in a three outputs valve under controlled laboratorial temperature and standardized at 25°C. After volume measuring by a transducer, CH 4 concentration was determined by gas chromatography as described by Erwin et al. (1961) .
The quantification of fecal methane was obtained through multiplication of the total volume of gases (mL) and CH 4 concentration in gas phase (mmol mL -1 ) in test bottle, being this value subtracted from the value measured on the white bottle (Rodrigues et al. 2012 ):
CH 4 prod: = ðtotal volume of gas × CH 4 conc:ÞT x − ðCH 4 conc: × total volume of gasÞT 0
where CH 4 prod. is the methane production at the time between the placements of feces within the bottle until its inactivation by pressure; CH 4 conc. is the CH 4 concentration (mmol); total volume of gas is the sum of the volume from syringe and the volume of bottle headspace (mL); T x is the time of incubation (h); and T 0 is the time of zero hour incubation (white bottle). The values obtained from bottles were corrected for local temperature and pressure conditions through the general gas d Supplied per kilogram of diet -finishing phase: folic acid 0.13 mg; pantothenic acid (min.) 5.60 mg; biotin (min.) 0.03 mg; Ca (min.-max.) 3.80-4.60 g; Cu 102.50 mg; choline (min.) 90.00 mg; Fe (min.) 28.90 mg; phytase 500.00 FTU; P 0.50 g; I 1.30 mg; lysine 28.00 mg; Mn 63.52 mg; niacin 8.05 mg; Se 0.23 mg; Na 1.40 g; retinyl acetate 5000.00 UI; thiamine 1.20 mg; cyanocobalamin 12.00 mg; riboflavin 2.16 mg; pyridoxine 0.81 mg; cholecalciferol 900.00 UI; α-tocopherol acetate 9.00 UI; menadione 0.90 mg; Zn 100.00 mg.
equation. For methane production ( Fig. 1) , the values in mmol kg −1 h −1 were corrected for mL kg
In assay 3, 12 crossbred barrows (Large White × Landrace), with initial BW of 26.56 ± 1.21 kg, were utilized to assess the effects of B. subtilis on the ATTD of diet. Thus, control and B. subtilis diets were formulated. Pigs were individually housed in individual metabolic cages, with six replications per treatment. The daily amount of feed provided to the pigs was calculated as three times the estimated requirement for maintenance energy (i.e., 197 kcal of ME kg −1 of BW 0.60 ; NRC 2012) and provided in two equal meals at 0700 and 1700. Pigs were allowed ad libitum access to water throughout the experiment. The pigs were fed experimental diets for a 7 d adaptation period, followed by a 5 d total collection of feces and urine period. Briefly, on day 8, each pig received 5 g of ferric oxide (as an indigestible marker) in 100 g of feed that was fed in the morning. The remaining portion of the morning feed was offered after all the marked feed was consumed. Fecal collection commenced when the marker appeared in feces. On the morning of day 13, pigs were offered 100 g of marked feed as described before, and collection of feces was terminated when the marker appeared in feces. Total collection of urine commenced on the morning of day 8 and ended on the morning of day 13. Fecal samples were collected twice a day (0750 and 1750), weighed, and stored in a freezer at −10°C. Urine was also collected twice daily (in jugs containing 10 mL of HCl to minimize N losses) and weighed, and a sample (10% of the total weight) was obtained, strained through glass wool, and stored frozen at −20°C.
At the end of the collection, feces were homogenized, subsampled (about 300 g), and dried in a forced air oven at 60°C for 72 h. Diets and feces sample were ground to pass a 1 mm sieve and subjected to crude protein analysis (N × 6.25) using Kjeldahl's procedures (analyzer model Tecnal TE/036/1) and dry matter (DM) analysis. Gross energy (GE) of diets, feces, and urine samples was determined in duplicate using adiabatic oxygen bomb calorimeter (IKA® C5000, Germany) with benzoic acid used as the calibration standard. Urine was thawed, filtered (6.5 μm diameter pore size) mixed, subsampled, and analyzed according to the methodology described by Kim et al. (2009) .
Apparent total tract digestibility of nutrients was determined by the total collection method as described by Woyengo et al. (2010) , using the following equations:
where NI is the nutrient or energy intake (g or MJ kg −1 ) and NO feces is the nutrient or energy output in feces (g or MJ kg −1 ).
The digestible energy (DE) and metabolizable energy (ME) values of the experimental diets (ED) were determined using the following equations: All data were subjected to analysis of variance (ANOVA) using the GLM procedure of SAS (SAS Software release 9.2; SAS Institute, Inc., Cary, NC, USA). Statistical significance was considered when P < 0.05, whereas a P > 0.05 to P < 0.1 was considered a trend. The homogeneity of variances was evaluated by Hartley's test and the normality of residuals by the Shapiro-Wilk's test (UNIVARIATE procedure). The statistical model used in assay 1 was
where Y ij is the variable response of diets (i) and sex (j); μ is the mean; a i is the effect of diets; b j is the effect of sex; (a × b) ij is the interaction between diets and sex; and e ij is the error term.
Results
As expected, barrows showed higher ADG, ADFI, and G:F (P < 0.01), compared with gilts, both, within commercial and experimental farm conditions, in growing and finishing phases (Tables 2 and 3) .
In assay 1 (Table 2 -low sanitary challenge), within the growing-II phase, the gilts supplemented with antibiotic had lower ADG (P < 0.01) compared with the control diet, whereas those supplemented with B. subtilis had similar results compared with control and antibiotic diets. Similar results were observed for ADFI within the Fig. 1 . Cumulative production of methane (mL kg −1 DM) in feces, 24, 48, 96, and 168 h after collection. The standard error of mean and P value were 1.320 and 0.030, respectively. Colour online.
growing-I and growing-II (P < 0.05) phases. No interactions were observed between treatment and sex.
In assay 2 (Table 3 -high sanitary challenge), similar observations occurred with pigs supplemented with antibiotic, which had lower ADG (10%) than those supplemented with probiotic at the end of growing-II phase. However, this difference disappears when total period was considered. Pigs supplemented with B. subtilis had a lower methane initial production than those supplemented with antibiotic (Fig. 1) .
In assay 3, the probiotic diet showed higher digestible protein (P = 0.013) but without difference on metabolizable values. There were a tendency (P < 0.10) for an increase in dry matter digestibility (P = 0.070), digestible energy (P = 0.068), and digestible energy:gross energy (P = 0.059), compared with the control diet (Table 4) . There was no interaction between sex (P values to gilt × barrows not shown). Note: ANT, antibiotic diet; BAC, Bacillus subtilis diet; SEM, standard error of mean; BW, body weight; ADG, average daily gain.
a Growing-I: from 63 to 90 d of age; growing-II: from 91 to 118 d of age; finishing: from 119 to 145 d of age.
Discussion
In assay 1, gilts fed control diet had higher ADG than gilts fed the diet containing lincomycin. This result is not well elucidated; however, biological factors could be involved (Boddicker et al. 2011 ). Differently to gilts, there was no statistical difference on ADG among barrows fed with same treatment diets. In the current experiment, numeric variations on the first and second assays suggest some improvement on pig performance when fed B. subtilis diet, compared with antibiotic diet. According to Bassaganya-Riera et al. (2001) and Renaudeau et al. (2011) , in dirty environment, the immune response and animal performance decrease; thus, the antibiotic supplementation could have a better response. In contrast, a probiotic exerts beneficial effects by suppressing intestinal harmful microorganisms and favoring beneficial microorganisms, ultimately enhancing the gut health (Fuller 1989) , and this way could show more pronounced responses than antibiotic. According to Djouzi et al. (1997) , probiotics benefited the host microflora by improving the intestinal microbial balance. Collington et al. (1990) suggested that the microbial population of the gastrointestinal tract has a major influence in the modulation of enterocyte activity, which may also explain this improvement (Meng et al. 2010 ). According to Davis et al. (2008) , supplementation with two strains of B. lichenformis and one strain of B. subtilis in the diet improved feed efficiency in a controlled university research study (Low sanitary challenge) with growing and finishing pigs.
During the overall period, no statistical differences were observed on growth performance of barrows. Some studies have documented beneficial effects of dietary supplementation with Bacillus spp. for pigs (Meng et al. 2010) , without impacting on pig health and growth performance (Kornegay and Risley 1996) . Observations were reported by Davis et al. (2008) evaluating some performance experiments, and the results did not differ between a control and Bacillus diets during the finisher phase and in the overall growing-finishing period. Thus, due to inconsistent results, most authors suggest further research to determine the optimal amount of probiotic supplementations in both phases of growing and finishing. The benefits from probiotics involve stimulation of parts of the intestinal microbial system such as Lactobacilli and Bifidobacteria that are generally considered beneficial (Leser et al. 2008) , or the competitive pathogens exclusion (La Ragione and Woodward 2003) .
In commercial farm conditions (assay 2), there were no differences among treatments for finishing pigs fed probiotic and antibiotic diets. Similarly, Kornegay et al. (1990) and Kornegay and Risley (1996) reported that there was no effect on the growth performance of finishing pigs from supplementing Bacillus products. Previous studies indicated that dietary probiotic supplementation could exert better positive effects in nursery pigs (Park et al. 2001; Shon et al. 2005; Lee et al. 2009 ) than in growing-finishing pigs because the digestive system, immunity, and capacity to resist intestinal disorders develop as pigs become older (Nousiainen and Setälä 1993) . However, the results of probiotic supplementation yet are inconsistent.
When we evaluated the initial methane production, the aim was to calculate the gas emission in pig farms. In methodology used in the present experiment, for methane analyzes, the feces were incubated for a short period of time (7 d -14, 48, 96 , and 168 h), according to Rodrigues et al. (2012) . This time of incubation is in concordance with previous study performed by Nascimento et al. (2016) , where methane production rumen-cannulated steers was measured at a 24 h intervals over 7 consecutive days and Lee et al. (2015) , where enteric methane was determined only for 3 d, in respiration chambers, using ruminally cannulated beef heifers. The reduction on methane emission, by the supplementation of B. subtilis in the diet, found in the present experiment, suggests that the use of Bacillus spp., in the form of viable endospores preparations, decreases the number of pathogenic E. coli and may decrease ammonia production in the gastrointestinal tract (Pollmann 1992) . Conversion of feed into foods of animal origin is associated with energy and nutrient losses and environmental pollution, including excretion of carbon dioxide and methane (Niemann et al. 2011) . By reducing methane production, Chen et al. (2005) noted that B. subtilis supplementation in the diet may be a feasible way of reducing animal excreta pollution.
The small intestine is the major site of nutrient digestion and absorption and the intestinal functions of pigs may be altered by several physiological, pathological, psychological, and pharmacological factors (Lambert 2009 ). In assay 3, when compared with the control diet, B. subtilis diet showed favorable effects on ATTD of protein in growing pigs. This result is in concordance with a previous study performed by Meng et al. (2010) , where dietary supplementation with probiotics increased ATTD of N, DM, and energy. The reason for improvement may likely be the effect of probiotics on the intestinal microbial system. Djouzi et al. (1997) reported that probiotics benefited the host microflora by improving the intestinal microbial balance. Furthermore, the microbial population of the gastrointestinal tract has a major influence in the modulation of enterocyte activity and the expression of tissue function (Collington et al. 1990 ), which may also explain the improvement with probiotic supplementation. Similarly, the lower losses of N, dry matter, and energy from probiotic diet in the present experiment suggest beneficial effects of B. subtilis on nutrient digestibility. However, reports of the influence of probiotic feeding on nutrient digestibility are limited, and the findings are not consistent (Stavric and Kornegay 1995) . Improved N retention but not apparent N digestibility was observed by Scheuermann (1993) for growing pigs fed a Bacillus product. Chen et al. (2005) found an improved digestibility of DM and N in grower pigs fed a diet supplemented with a mixture of Lactobacillus, Saccharomyces, and Bacillus. However, these effects appear to have limited potential to improve performance and nutrient utilization in finishing pigs. Besides of the probable benefits suggested by supplementation of B. subtilis in the diet, on nutrient digestibilities, the lower nutrient excretion by pigs suggests reduction in the emission of environmental pollutants due to better nutrient utilization.
Conclusions
Although there were no statistical differences for most growth performance variables, numerical variations suggest some improvement by the dietary probiotic supplementation. Similarly, the increase on energy and nutrients digestibility, in diets supplemented with B. subtilis, shows a reduction on nitrogen excretion and initial methane production. Thus, given the problems arising from the indiscriminate use of antibiotics and the ban of different antimicrobial growth promoters in pig production systems, B. subtilis may be an alternative strategy to partial or total antibiotic replacement. However, most studies in pig nutrition show more pronounced effects of additives when the animals are in immunological challenge situation. In this way, for greater applicability of scientific research data, whenever possible, studies should simulate the real production conditions.
